Aberrant expression of long non-coding RNAs (lncRNAs) is associated with prognosis of gastric cancer, some of which could be further evaluated as potential biomarkers. In this study, we attempted to identify a specific lncRNA signature to predict the prognosis of gastric cancer.
Background
Gastric cancer significantly contributes to cancer-related deaths worldwide; in 2012, there were more than 950 000 new cases and 720 000 deaths occurring globally [1] . Gastric cancer is frequently under-diagnosed clinically, because disease-related symptoms often appear late or are atypical during gastric cancer development, leading to most cases being diagnosed at an advanced stage of the disease, thereby narrowing options for therapy and worsening prognosis [2, 3] . At present, surgery is the best method of cure; however, patients with advancedstage gastric cancer may not be surgically cured, and chemoor radiotherapy in such patients often leads to resistance and disease relapse [4] . Although recent advances in the understanding of biological properties and treatment strategies have helped to reduce the incidence and mortality rates of gastric cancer, the overall 5-year survival rate is still only approximately 25% [5, 6] . Therefore, there is an urgent need to identify and evaluate molecular biomarkers for prediction of prognosis and treatment response in patients with gastric cancer.
In the last few years, along with an extensive characterization of the protein-coding genome in gastric cancer, increasing attention has been focused on research on lncRNAs, which are a class of non-coding RNAs with a length of more than 200 nucleotides. LncRNAs play a regulatory role at transcriptional, post-transcriptional, and epigenetic levels to modify the expression of protein-coding genes [7] , and they mediate various biological processes, such as cell proliferation, differentiation, signal transduction, and apoptosis [8] [9] [10] . Recent studies demonstrated the significance of aberrant lncRNA expression in human cancers [11] and as oncogenes or tumor suppressors in cancer development and progression [12] . Several studies have assessed the aberrant lncRNA expression in gastric cancer and explored their clinical relevance in diagnosis, prediction of prognosis, and treatment efficacy [13] [14] [15] [16] [17] . Thus, a tissue-specific lncRNA alteration could make them ideal biomarkers for gastric cancer [18] .
In this study, we aimed to establish a tumor-specific lncRNA prognostic signature for patients with gastric cancer. We used RNA-sequencing data and clinical information of patients with gastric cancer from TCGA. Our study design comprised: i) identifying differentially expressed lncRNAs between gastric cancer and matched normal tissue; ii) comparing differentially expressed lncRNAs with that of other 11 cancer types to identify gastric cancer-specific lncRNAs; and iii) screening and evaluating prognosis-associated lncRNAs as a combined signature from gastric cancer-specific lncRNAs.
Material and Methods

Data collection
LncRNA expression profiles of tumor and normal samples from patients in TCGA were retrieved from the Atlas of Non-coding RNAs in Cancer (TANRIC, http://bioinformatics.mdanderson.org/ main/TANRIC:Overview) database [19] . The database includes 12 727 lncRNAs identified within the TCGA RNA-sequencing datasets. The TANRIC annotations relied on human lncRNAs from the GENCODE Resource (version 19) , and any lncRNAs that overlapped with any given mRNAs were filtered out. Reads per kilobase per million mapped reads (RPKM) values were calculated using TCGA RNA-sequencing data in the BAM files. The data also included an additional 11 TCGA solid tumor types: thyroid carcinoma (THCA), prostate adenocarcinoma (PRAD), kidney chromophobe (KICH), invasive breast carcinoma (BRCA), kidney renal papillary cell carcinoma (KIRP), head and neck squamous cell carcinoma (HNSC), hepatocellular carcinoma (LIHC), kidney renal clear cell carcinoma (KIRC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and bladder urothelial carcinoma (BLCA), each of which has more than 10 normal tissue samples available in the database. Profiling of mRNA expression and clinical data in TCGA data set were directly derived from the UCSC Cancer Genomics Browser [20] .
Patients and lncRNA data processing
Patients meeting the following criteria were included in the study: i) a histological diagnosis of primary gastric cancer; ii) having no history of neoadjuvant therapy; iii) lncRNA expression profile of tumor sample; and iv) available follow-up data. A total of 254 patients with gastric adenocarcinoma (cohort T) were included in the study, with corresponding clinical data including sex, age, tumor location, American Joint Committee on Cancer (AJCC) pathologic stage, invasion depth, lymph node metastasis, distal metastasis, differentiation grade, microsatellite instability (MSI) status, viral status, and relapse status (Table 1) . Among these 254 patients, matched normal gastric mucosae were from 29 patients (cohort N). Another 11 cancer types with more than 10 normal samples were included in the pan-cancer analysis, and patients having tumors belonging to any of the 11 cancer types were selected following the criteria: i) a histological diagnosis of primary cancer and ii) available lncRNA expression profiles of tumor samples. Matched normal samples for these 11 cancer types were from these selected patients. The profiles of lncRNA and mRNA expression were normalized as RPKM values. Since many lncRNAs had a low expression level in certain tissues, lncRNA levels with a mean RPKM value less than 0.3 across all samples were excluded from the data analysis. 
Statistical analysis
The differences of clinical variables (sex, age, tumor location, AJCC pathologic stage, invasion depth, lymph node metastasis, distal metastasis, MSI status, differentiation grade, viral status, and relapse status) between cohort T and cohort N were analyzed using the chi-square test. Differential lncRNA expression between tumor and normal tissues of the 12 cancer types was analyzed using the R (version 3.2.2)/Bioconductor software package Limma [21] with the criteria of adjusted P-value <0.01 and fold change >2, respectively. The Limma uses linear models and empirical Bayes paired moderated t-statistics and F-statistics. The unsupervised hierarchical cluster analysis was carried out using heatmap.2 function of the R/package gplots with complete linkage.
The association of lncRNA expression with the overall survival of patients was analyzed using the univariate Cox proportional hazards regression model. After selecting lncRNAs with a criteria of P-value <0.05, multivariate Cox proportional hazards regression model was used to calculate a relative regression coefficient (ri) for each lncRNA and to combine lncRNA expression (Exp [i]) into a linear risk score model, risk [22] . The Kaplan-Meier method and logrank test were performed to analyze the survival of patients. Clinical variables were included in a univariate Cox regression model to assess their association with overall survival. A multivariate Cox regression model of the risk score with clinical variables was used to assess the independence of the lncRNA risk score. Survival analysis was performed using SPSS software (version 19) and R/package survival. *P-value was calculated using Chi-square test. Functional annotation of lncRNAs was based on co-expressed mRNAs using a 'guilt-by-association' strategy [23] . LncRNAmRNA pairs with the top 1% absolute Spearman's correlation coefficient were filtered out. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of these lncRNA co-expressed mRNAs were performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID, http://www.david.niaid.nih.gov) (version 6.8) [24] . The enriched results were restricted to GO biological process and KEGG pathway terms, and terms were clustered using the "the functional annotation clustering" tool. The GO biological process and KEGG pathway terms with adjusted P-value <0.05 were considered to be significant. In this study, P-value was adjusted using the Benjamini-Hochberg method.
Results
Patient characteristics
All 254 gastric cancer patients in this study were histologically diagnosed with gastric adenocarcinoma, without a history of neoadjuvant therapy. The mean ±SD of the overall survival time was 13.47±12.06 months and the mean ±SD of the relapse-free survival time was 12.65±9.97 months. Among these 254 patients (cohort T), matched normal tissues from 29 patients (cohort N) were used for differential lncRNA expression analysis between gastric cancer tissues and normal tissues. As shown in Table 1 , there was no significant difference between cohort T and cohort N in sex (P=0.28), age (P=0.66), AJCC pathologic stage (P=0.14), invasion depth (P=0.37), distal metastasis (P=0.56), MSI status (P=0.46), differentiation grade (P=0.40), viral status (P=0.73), and relapse status (P=0.065).
Differentially expressed lncRNAs between gastric cancer tissues and normal tissues
We identified 452 differentially expressed lncRNAs between gastric cancer tissues and normal tissues based on the expression profile of lncRNAs with the criteria of fold change >2 and adjusted P-value <0.01. As shown in Figure 1A , unsupervised hierarchical clustering clearly divided the tumor and normal samples with the expression of the altered lncRNAs. A total of 100 lncRNAs showed more than 8-fold expression change; the top 5 upregulated lncRNAs were HOTAIR, HOXC-AS1, RP1-170O19.14, RP11-400N13.3, and AC012363.4, while the top 5 downregulated lncRNAs were AC053503.6, PGM5-AS1, CTC-276P9.1, CTD-2231H16.1, and SOX21-AS1 ( Figure 1B) .
Pan-cancer analysis of differentially expressed lncRNAs
We then assessed the tissue-specific alteration pattern of these 452 aberrant lncRNAs in gastric cancer vs. the other 11
types of cancer and their matched normal tissues. A total of 4006 tumor samples and 507 partially matched normal samples from the additional 11 cancer types were included in this pan-cancer analysis. We found that 30 lncRNAs were differentially expressed in more than 7 tumor types, 123 lncRNAs in 5 to 7 tumor types, 223 lncRNAs in 2 to 4 tumor types, and 76 lncRNAs only in gastric cancer ( Figure 1C ). The 30 lncRNAs that were differentially expressed in more than 7 tumor types may have an oncogenic or tumor suppressor role in these human cancers; for example, PVT1 and FAM83H-AS1 have been reported to be biomarkers in human cancers [18, 25] . The 76 lncRNAs that were differentially expressed only in gastric cancer could be potential gastric cancer-specific biomarkers, although their functions remain unknown.
Establishment of lncRNA signature associated with overall survival of patients with gastric cancer
These 76 gastric cancer-specific lncRNAs were further assessed for their association with the overall survival of patients with gastric cancer. Five lncRNAs (CTD-2616J11.14, RP1-90G24.10, RP11-150O12.3, RP11-1149O23.2, and MLK7-AS1) showed a significant P-value of <0.05 (Table 2) . Then, a relative regression coefficient was calculated by multivariate Cox regression analysis for each lncRNA, and a linear model was generated combining the 5 lncRNAs. A risk score was calculated for each patient in the TCGA cohort using this model, and patients could be divided into low-(n=127) and high-risk groups (n=127) using the median of risk scores as the cut-off value (Figure 2A) . Patients in the high-risk group had a poor median survival time compared to those in the low-risk group (P<0.0001 using the log-rank test; Figure 2B ). Recurrence data were also available for 217 patients, and the lncRNA risk score was effective in dividing patients into high-and low-risk groups using the median as the cut-off value (P=0.021 using the logrank test; Figure 2C ).
Association of clinical features with overall survival and validation of 5-lncRNA signature as an independent predictor
Univariate Cox regression analysis was performed to evaluate the association between clinical features and overall survival. We found that AJCC pathologic stage, invasion depth, lymph node metastasis, and differentiation grade were statistically significant for the prediction of overall survival of patients (P<0.05; Table 3 and Figure 3 ), whereas age, sex, tumor location, and MSI status were not. However, the number of patients with distal metastasis was small, and the association of distal metastasis with overall survival was not assessed. HR -hazard ratio; CI -confidential interval. were significantly associated with overall survival, to assess whether this 5-lncRNA signature was an independent prognostic factor. The result showed that this 5-lncRNA risk score (Hazard Ratio [HR]=2.34, P=0.002) was an independent prognostic predictor for the overall survival of patients with gastric cancer (Table 3) .
Functional annotation of the five-lncRNA signature coexpressed genes Next, the 'guilt-by-association' strategy was used to predict the functions of lncRNAs. For these 5 prognosis-associated lncRNAs, the Spearman's correlation coefficients with each protein-coding gene were calculated and functional annotation was completed according to those significant genes. Functional enrichment analysis showed that co-expressed genes of the 5 lncRNAs were enriched in 30 GO biological process terms and 2 KEGG pathway terms (adjusted P-value <0.05), most of which were grouped into 3 functional clusters of DNA replication, mitotic cell cycle and programmed cell death, and RNA splicing (Figure 4 ). In addition, RP11-1149O23.2 was localized at the minus strand relative to a protein-coding gene TNFRSF10A, the protein of which is a pro-apoptosis receptor to mediate the extrinsic apoptosis pathway [26] . RP11-1149O23.2 has a high coexpression coefficient of 0.81 with TNFRSF10A, suggesting the possibility of RP11-1149O23.2 in cis-regulation of TNFRSF10A. As is well-known, the apoptotic process is an important format of programmed cell death [27] ; suggesting a potential role of RP11-1149O23.2 in the process of programmed cell death.
Discussion
In recent decades, considerable efforts have been made to improve the clinical outcome of gastric cancer; however, the overall survival of patients with gastric cancer is still poor [28] . In daily clinical practice, pathologic stage is still commonly used to index prognosis estimation and guide treatment for gastric cancer; however, tumor heterogeneity frequently occurs in patients within similar tumor stages [29] . Thus, reliable prognostic Patients with gastric cancer can be divided into high-risk (red) and low-risk (blue) groups by the 5-lncRNA signature.
(C) Kaplan-Meier survival curve analysis of relapse-free survival. Patients with gastric cancer can be divided into high-risk (red) and low-risk (blue) groups. P-value was calculated using the log-rank test. HR -hazard ratio; CI -confidence interval. biomarkers are required. In this study, a 5-lncRNA prognostic signature was identified after differential expression, as well as pan-cancer and survival analyses, which was then confirmed to be an independent prognostic predictor for patients with gastric cancer. This study explored the potential of combined lncRNA signature to predict the prognosis of gastric cancer.
Considering the importance of lncRNAs in cancer development and progression, the altered lncRNA expression may be an indicator of the intrinsic characteristics of tumor cells. Altered lncRNA exists in solid cancer tissue, digestive juice, plasma, and urine, which is linked to the occurrence, progression, and outcome of cancer [17, 30] . To date, most cancer studies of lncRNA were designed for a general point of view and the tissue-specific alteration pattern of lncRNAs was ignored, resulting in no assurance of finding more putative biomarkers. To the best of our knowledge, ours is the first study to analyze differentially expressed lncRNAs in 12 cancer types, including gastric cancer, to distinguish gastric cancer-specific lncRNAs, and a total of 76 lncRNAs were found to be only altered in gastric cancer. Thus, further study of these 76 lncRNAs could provide more information about their possible use as putative biomarkers for gastric cancer.
Previous studies have identified the association between combined lncRNA expression and the prognosis of colorectal cancer [31] , glioblastoma [32] , breast cancer [33] , lung cancer [34] , and esophageal cancer [35] . In gastric cancer, aberrant lncRNAs have been shown to correlate with overall survival or treatment response. For example, Hu et al. used microarray and in situ hybridization analysis, and found that GAPLINC was highly expressed in gastric cancer and defines a group of patients with poor prognosis [31] . Zhang et al. highlighted the role of TUG1 in regulating cell cycle and its overexpression in accordance with poor survival [16] . GAS5 is decreased in gastric cancer, which is associated with poor prognosis [36] . Similar to gene or miRNA expression signature for gastric cancer, a combined lncRNA signature may substantially improve the prediction of clinical outcome [37, 38] . In the present study, a gastric cancer-specific prognostic risk score model was constructed using 5 differentially expressed lncRNAs and the TCGA cohort was divided into low-and high-risk groups. We found that the 5-lncRNA risk score was independent of pathologic stage and tumor differentiation. The HR of the signature was markedly higher than that of AJCC pathologic stage (2.96 vs. 2.20). Owing to the specificity of the 5 lncRNAs, the signature may be more feasible to use in clinical practice. In addition, the risk score 3655 also showed its usefulness in predicting relapse-free survival, indicating its value in assessing treatment efficacy.
The carcinogenesis of gastric cancer is a multi-step process caused by changes in the genetics and epigenetics [39] . However, as the functions of most lncRNAs remain unknown, computational algorithm analysis is an appropriate way to predict and provide estimations for lncRNA function [40] . In our study, we utilized this 5-lncRNA signature as an example to explore their mechanisms using co-expression analysis of lncRNAs and mRNAs. Functional enrichment analysis of lncRNA co-expressed mRNAs revealed that this 5-lncRNA signature is mainly involved in DNA replication, mitotic cell cycle, programmed cell death, and RNA splicing. All these biological processes play essential roles in the pathological progression of gastric cancer [41] . Further studies are warranted to confirm the functions of the 5 lncRNAs and to explore the underlying mechanism in gastric cancer.
Our study is just proof-of-principle and has some limitations. For example, the follow-up period was relatively short in the TCGA dataset and the censoring rate was relatively high, which may have affected the reliability of the Kaplan-Meier estimates. In addition, the clinical information of some patients was incomplete, which may have influenced the assessment of the independence of the risk score model and reduced the robustness of the survival study. Finally, this study was based on the high-throughput RNA-sequencing profiles and data analyses; therefore, clinical and biological studies are required to validate these findings.
Conclusions
After analyzing TCGA cohorts, we identified a specific signature consisting of 5 lncRNAs for gastric cancer. Despite some limitations, this gastric cancer-specific lncRNA signature is useful for prediction of prognosis.
